It is demonstrated that carboxypeptidase Y can be used to exchange the C-terminal alanyl residue of porcine insulin with a threonyl residue, thus forming human insulin. Using threonine amide as nucleophile, the reaction proceeds as a transpeptidation via human insulin amide, des(Ala)a30(Thr-NH2)a30insulin. However, since the amidase activity of carboxypeptidase Y towards this particular insulin derivative is significant in comparison with its peptidase activity towards porcine insulin, various secondary products are subsequently formed. One of these products is human insulin, formed by deamidation of the initial coupling product. Unfortunately, this product cannot be separated chromatographically from the hydrolysis product des(Ala)a30insulin and residual porcine insulin. Another secondary product is des(Ala)B30(Thr-Thr-NH2)1330-31insulin, formed by coupling of an additional threonine amide residue via the amidase activity of carboxypeptidase Y. This product, together with the primary coupling product, des(Ala)B30(Thr-NH2)a30insulin, can be isolated from the reaction mixture by ion exchange chromatography, and both of these insulin derivatives can subsequently be converted to human insulin through the peptidyl amino acid amide hydrolase activity and amidase activity of carboxypeptidase Y. The semisynthetic human insulin formed in this fashion is essentially pure.
INTRODUCTION
In previous papers (1, 3), we have demonstrated that carboxypeptidase Y (CPD-Y)' can catalyze the exchange of C-terminal amino acids in short peptides by transpeptidation reactions. The results indicated that CPD-Y might become a tool for C-terminal semisynthesis of longer peptides and proteins. In order to explore this capacity of CPD-Y, we have chosen porcine insulin as an example. Since the C-terminal segment of the B-chain of insulin is known to be important for its biological activity, this region of the molecule has already been the subject of various semisynthetic manipulations (5, 7). The potential of being able to convert porcine insulin to human insulin, which only differ by the presence of a threonyl residue in human insulin and an atanyl residue in porcine insulin in the Cterminal position of the B-chain, and thus obtaining sufficient material for clinical evaluation of human insulin, has resulted in great interest for such reactions. Among the published procedures for semisynthesis of human insulin, some involve tryptic cleavage of porcine insulin to form des(octapeptide)S23-30insulin to which is coupled a synthetic octapeptide with the Cterminal sequence of human insulin (9, 14, 15) . Other and more recent procedures involve a carboxypeptidase A catalyzed formation of des(Ala)B3~ (18) to which a threonine derivative is enzymatically coupled (6, 9, 12) . In the present paper we demonstrate that CPD-Y can be used to convert porcine insulin to human insulin via des(Ala)B3~
(human insulin amide). Similar reactions are shown to be possible using des(AIa)B30insulin as substrate.
MATERIALS AND METHODS

Materials
Carboxypeptidase Y from baker's yeast, a commercial preparation from the Carlsberg Breweries, was isolated by a modification of the affinity chromatographic procedure of JOHANSEN et al. (10) and obtained as a lyophilized powder (I0 % enzyme in sodium citrate). Before use the enzyme was desalted on a Sephadex G-25 column (1.5 • 25 cm) equilibrated and eluted with water. The concentration of the enzyme was determined spectrophotometrically using 1% E280nm = 14.8. The enzyme preparation used was free of Protease A as checked by the assay of LEE and RIORDAN (11) .
Porcine insulin and an authentic sample of human insulin was a generous gift from Nordisk Insulinlaboratorium, Denmark, through the courtesy of Dr. B. HANSEN. L-threonine amide was purchased from Vega-Fox, USA. L-threonine methyl ester was from Fluka, Switzerland, and L-threonine, dansyl chloride, carboxypeptidase A and trypsin were obtained from Sigma, USA. Chromatographic materials were products of Pharmacia, Sweden. All other reagents and solvents were analytical grade from Merck, W. Germany.
2.2, Methods
Enzymatic reactions were performed in a pH stat in 0.1 M-KC 1,2 mM-EDTA, and the pH was kept constant by addition of 0.5 M-NaOH. Due to a low solubility of insulin at pH 7.5, 1.5 Mguanidine hydrochloride was added to the reaction mixture. Zn-free insulin, prepared as described by SLUYTERMAN (19) was used throughout. Reactions were quenched by adjusting the pH to 1.5-2.0 with 1 M-HCI. If precipitation appeared, l M-acetic acid was added until all material was dissolved. The insulin fraction was separated from the enzyme and low molecular weight compounds by chromatography on a Sephadex G-50 fine column, equilibrated with 1 M-acetic acid (17) , and lyophilized.
Chromatography on DEAE Sephadex A-25 was performed essentially as described by MOm-HARA et al. (13) . The lyophilized insulin sample was dissolved in 0.01 M-Tris, 2.5 M-Urea, 0,05 M-NaCI, pH 7.5 and applied to a DEAE Sephadex A-25 column equilibrated with the same buffer. The insulin was eluted with a NaCI gradient from 0.05 to 0.30 M in the same buffer. The pooled fractions were desalted on a Sephadex G-25 column and lyophilized. Disc gel electrophoresis was performed according to DAVIS (4) using a 12.5 % polyacrylamide gel.
Digestion of various insulin derivatives with carboxypeptidases A and Y were performed in a 0.05 M-Tris buffer, pH 7.5 at room temperature using approximately 1.5 mM-insulin and 5 laMcarboxypeptidase. Reaction times were 3 hours with CPD-A and 1.5 hours with CPD-Y. Under these conditions maximal release of C-terminal amino acids were obtained. After acidification with HCI, the aliquots were applied directly on the amino acid analyzer.
The sequence of the C-terminal amino acid residues of the various insulin derivatives were determined after reaction of a trypsin digest with dansyl chloride, followed by identification of the dansyl peptides. Digestion of insulin derivatives with trypsin was performed in 0.1 M-NaHCO3 at pH 8.2, using 1 mM-insulin, 40 laM-DPCCtrypsin and an incubation time of 1 hour. Preliminary experiments on porcine insulin had indicated that these conditions were sufficient for complete release of the C-terminal alanyl residue from the B-chain. The released amino acids or dipeptides were dansylated as follows: A 100 ~1 sample of the tryptic digestion mixture was quenched by addition of 100 ral 0.5 M-HC1. The aliquot was evaporated to dryness and redissolved in 100 lal 0.1 M-NaHCO3, pH 8.2. 100 dansyl chloride (5 mg.ml -t) in acetone was added, and the reaction mixture incubated for 2 hours at 37 ~ The reaction mixture was then analyzed by HPLC, using the Waters liquid chromatography system, consisting of a Model U6K injektor, two Model 6000 A pumps, a Model 660 Solvent Programmer, a Model 450 UV detector, a Waters Data Module and a Waters Radial Compression Module (RCM 100) housing equipped with a Waters Radial Pak A (C-18 reverse phase) column. The following standard compounds were synthesized: Dns-AIa-OH, Dns-Ala-Thr-OH, Dns-Thr-Thr-OH, DnsThr-NH2, Dns-Thr-Thr-NH2 and Dns-Ala-Thr-NH2. Using the procedure described above for the dansylation of insulin digestions, three of these derivatives could be synthesized from HAIa-OH, H-Thr-OH and H-Thr-NH2. The dansylated dipeptides were synthesized via Dns-AlaOMe and Dns-Thr-OMe: 1 mmol H-AIaOMe.HC1 was dissolved in 0.1 M-NaHCO3; 5 mmol of dansyl chloride was added, and the reaction mixture incubated for 2 hours. The Dns-Ala-OMe was extracted from the reaction mixture with ethyl acetate and evaporated to dryness. It was demonstrated by HPLC that the isolated material was pure. The same procedure was used to synthesize Dns-Thr-OMe. Using procedures for enzymatic peptide synthesis simi- The separation was carried out at room temperature and monitored at 254 nm. The flow-rate was 1 ml.min-l. Two different elution programs were used: Panel A: 35% B isocratic. Panel B: 40% B to 70% B in 30 minutes using a linear gradient. By cochromatography of authentic samples the following peak assignments were made: 1 = Dns-Thr-Thr-OH, 2 = Dns-Ala-Thr-OH, 3 = Dns-Thr-OH, 4 --DnsThr-Thr-NH2, 5 = Dns-Ala-Thr-NH2, 6 = DnsThr-NH2, 7 = Dns-Ala-OH. lar to those previously described (1, 2, 20, 21, 22, 23), these two compounds were then coupled to H-Thr-OH, giving Dns-Ala-Thr-OH and DnsThr-Thr-OH, and H-Thr-NH2, giving Dns-AlaThr-NH2 and Dns-Thr-Thr-NH2. The conditions were as follows: 5 mM substrate, 0.5 Mnucleophile, 0.1 M-KC1, 2 mM-EDTA, 1 laM-CPD-Y, pH 9.0, 1096 ethanol. As shown in Figure 1 all seven dansyl derivatives could readily be separated by HPLC using two different programs.
Amino acid compositions were determined after hydrolysis for 24 hours in 6 M-HC1. The amino acid compositions were based on the known content in insulin of 4 glycine and 3 aspartic acid. Only the content of Thr, Lys and Ala is listed in the transpeptidation reactions, since these are the only amino acids affected by the reactions. The amino acid analysis of these amino acids for porcine insulin are: Thr = 1.93, Lys = 0.97 and Ala --2.00 and for authentic human insulin: Thr = 2.87, Lys = 0.98 and Ala = 1.05. The amount of unconverted porcine insulin in the reaction mixture was estimated from the alanine content of the insulin pool after chromatography on Sephadex G-50. The coupling yield is defined as the amount of a given product divided with the amount of all insulin consumed in the reaction. Deamidation of the various insulin amide fraction were performed at pH 10.0 in 0.1 M-KCI, 2 mM-EDTA, using 10 IaM-CPD-Y for 20 min. The extent of the deamidation was followed by disc gel electrophoresis and optimized with respect to time of incubation and concentration of CPD-Y. The deamidated product was chromatographed on DEAE Sephadex A-25 using conditions as described above.
RESULTS
Conversion of porcine insulin to human insulin
To investigate the feasibility of an enzymatic conversion of porcine insulin to human insulin it was investigated whether the C-terminal alanyl residue in the B-chain could be split off without releasing the C-terminal asparagine in the Achain. Digestion of porcine insulin with CPD-Y released only the six amino acids from the Cterminal portion of the B-chain, -Phe-Tyr-ThrPro-Lys-Ala-OH (Table I) . Importantly, the LeuThr m5-~6 bond was not hydrolyzed confirming that the CPD-Y preparations used in these Table II A) indicated that 76 % of the porcine insulin had been consumed in the reaction. 60 mg reacted insulin was applied to the DEAE column (2.6 x 20 cm). Volume of collected fractions: 3.5 ml.
B: The reaction conditions were: 2 mM-porcine insulin, 0.25 M H-Thr-NH2, 15 laM-CPD-Y, pH 9.5, reaction time I hour. The amino acid composition of the insulin pool after chromatography on Sephadex G-50 (Table II B) indicated that 31% of the porcine insulin had been consumed in the reaction. 215 nag reacted insulin was applied to the DEAE column (2.6 • 50 cm). Volume of collected fractions: 10 ml. The amino acid composition of the pool refers to the analysis of the insulin fraction after its separation from enzyme and low molecular weight materials by gel chromatography on Sephadex G-50. The peak composition is based on the amino acid composition of individual peaks and the results of the digestion experiments with CPD-Y and CPD-A (see section 2). studies were free of Protease A. This is in contrast to many preparations commercially available from other sources (I 1).
When insulin was incubated with CPD-Y at pH 9.5 in the presence of the nucleophiles HThr-OH, H-Thr-OMe or H-Thr-NH:, the results presented in Figure 2 were obtained. With HThr-OH as nucleophile (Figure 2 A) , no transpeptidation was observed. However, with HThr-OMe and H-Thr-NH2 (Figure 2 B & C) transpeptidation did occur as indicated by the decreasing alanine content and the increasing threonine content of the insulin pool (obtained after chromatography on Sephadex G-50). Disc gel electrophoresis of aliquots from the experiments shown in Figure 2 , was used to estimate the amount of reaction products with a blocked C-terminal earboxylic acid group, since such insulin derivatives exhibit a slower mobility than porcine and human insulin. In Figure 3 it is shown that with H-Thr-NH2 as nucleophile only a small proportion of insulin derivative with blocked C-terminal carhoxylic acid group was formed (Band 1). When H-Thr-OMe was used no such derivative was formed.
In order to further analyze the reactants present in each of the three bands observed in disc gel electrophoresis, ion exchange chromatography on DEAE Sephadex A-25 was used to obtain sufficient material of these species. As expected, a total of three peaks were observed in the elution profile (Figure 4) , and disc gel electrophoresis of each peak indicated that they corresponded to the bands in the disc gel of the mixture. Using ion exchange chromatography, it could be confirmed that the reaction mixture of a transpeptidation performed at pH 9.5 with HThr-NH2 as nucleophile, contained very little (3%) of the insulin derivatives migrating as Band I in disc gel electrophoresis and as Peak I in the ion exchange chromatography (Figure 4 A) . The amino acid compositions of the individual peaks and the results of carboxypeptidase digestion experiments performed with CPD-Y and CPD-A were used to determine the composition of the peaks (Table II A) . It is apparent from the data in Figure 4 A and Table II A that most of the threonine incorporated at pH 9.5 exists in Peak II as human insulin, INS-Pro-Lys-Thr-OH, suggesting that the release of ammonia from the primary coupling product, INS-Pro-LysThr-INH2, is faster under these conditions than the release of alanine from porcine insulin, INSPro-Lys-lAla-OH. This is further demonstrated by the fact that Peak I has a threonine content of 3.88, indicating that it is composed of INS-ProLys-Thr-Thr-NH2 rather than the initial coupling product. These conditions are therefore only suitable for a one-step synthesis of human insulin, but since this product elutes in Peak II together with unconverted porcine insulin and the hydrolysis product, INS-Pro-Lys-OH, the method has only limited applicability. The trypsin digestion followed by dansylation demonstrated that Peak II is free of insulin species such as INS-Pro-Lys-Thr-Thr-OH. The total yield of the conversion of porcine insulin to human insulin can therefore be estimated to be 30% when unconverted porcine insulin is omitted from the calculation. The side products are mostly des(Ala)B3~
and various reaction products of this insulin derivative.
Using a shorter reaction time and a lower enzyme concentration, under otherwise identical conditions, resulted in a higher proportion of Peak I relative to the amount of porcine insulin converted in the reaction (Figure 4 B and Table  II B) . This was to be expected, hut surprisingly the amino acid composition indicated that Peak I contained only the insulin species INS-Pro-LysThr-Thr-NH2. Thus, even under these conditions the initial coupling product, INS-Pro-LysThr-NH2, does not accumulate, but reacts further to form INS-Pro-Lys-Thr-Thr-NH2. In this experiment, very little of the incorporated threonine was present in insulin derivatives eluting in Peak II (which was mostly composed of unconverted porcine insulin and the hydrolysis product, INS-Pro-Lys-OH), i.e. very little human insulin was formed. The yield of the conversion of porcine insulin to INS-Pro-LysThr-Thr-NH2 is 30 % when unconverted porcine insulin is excluded from the calculation.
In conclusion, at pH 9.5 the accumulation of the initial transpeptidation product, INS-ProLys-Thr-NH2, was not observed due to the relatively low peptidase activity compared to the amidase activity of CPD-Y under these conditions. At pH 7.5, where the amidase activity generally is lower than the peptidase activity (1), it was expected that the peptide amide formed in the reaction would be more stable than at pH 9.5. The results shown in Figure 5 confirmed this since Peak I comprised 20 % of the total insulin pool as opposed to 3 % when the reaction was performed at pH 9.5 (Figure 4 A) . In both reactions approximately 75% of the porcine insulin had been converted. However, since the threonine content of Peak I (3.65) (Table III) was larger than 2.87 (the threonine analysis of authentic human insulin) it is evident that the initial transpeptidation product was apparently (Table III) indicated that 78 96 of the porcine insulin had been consumed in the reaction. 75 mg reacted insulin was applied to the DEAE column (2.5 • 25 cm). Volume of collected fractions: 8 ml. The amino acid composition of the pool refers to the analysis of the insulin fraction after its separation from enzyme and low molecular weight materials by gel chromatography on Sephadex G-50. Peak compositions are based on the amino acid composition and the results of the digestion experiments with CPD-Y and CPD-A (see section 2). not sufficiently stable to avoid the oligomerization observed at pH 9.5. This lack of stability was further evidenced by the presence of substantial amounts of the deamidated product, INS-Pro-Lys-Thr-OH, in Peak II. As described above, this fraction is contaminated with other insulin derivatives and thus not suitable for the production of human insulin. Digestion of Peak II with trypsin followed by dansylation demonstrated that the insulin derivative INS-Pro-LysThr-Thr-OH was not present, since threonine and alanine were the only amino acids released. The yield of the conversion of porcine insulin to human insulin, based on Peak II, could thus be estimated to be 20 % when unconverted porcine insulin is omitted from the calculation.
In order to obtain human insulin from the insulin amides eluting in Peak I a CPD-Y catalyzed deamidation was performed. The amino acid composition of the pool refers to the analysis of the insulin fraction after its separation from enzyme and low molecular weight materials by gel chromatography on Sephadex G50. The peak composition is based on the amino acid composition of individual peaks and the results of the digestion experiments with CPD-Y and CPD-A (see section 2).
the reactions stable. After separation of the reacted insulin from enzyme and low molecular weight material by chromatography on Sephaalex G-50, the material was chromatographed on DEAE Sephadex A-25 using procedures identical to those in Figures 4 and 5 . The products of the reactions eluted in Peak II as expected, while the unreacted material (< l 0 % ) eluted in Peak I.
No Peak III was present in either of the two cases, i.e. no insulin derivatives without lysine were formed. As indicated from the results in Table IV , only the threonine content was affected by these reactions. This is in agreement with the expected absence of peptidase activity of CPD-Y at this pH. The amino acid compositions of Peak II from both reactions (Table IV) are almost identical to the analysis of human insulin: Thr= 2.87, A|a= 1.05, Lys= 0.98. The digestion of the deamidated products with CPD-Y, CPD-A and trypsin indicated that both samples contain approximately 95 % pure human insulin (for details see Table IV ). This suggests that the insulin derivative INS-Pro-Lys-Thr-Thr-NH2 reacts almost exclusively via the peptidyl amino acid amide hydrolase activity while INS-ProLys-Thr-NH2 reacts mostly via the amidase activity. The overall yield for the conversion of porcine insulin to human insulin are in both cases approximately 30 % based on the amount of converted insulin.
Conversion of des(Ala) S3Olnsulin to des(Lys-Ala)SZg-30Thr-OHeZ9insulin
While the transpeptidation reactions performed on porcine insulin required relatively high concentrations of CPD-Y, similar reactions could be performed on des(Ala)B3~ with much less enzyme, indicating that this insulin derivative is a better substrate of CPD-Y than porcine insulin. Unfortunately, the incorporation of amino acid amides with uncharged side groups in place of the C-terminal lysine of des(Ala)B30insulin results in a product which has the same charge as the substrate. This complicates the isolation of the transpeptidation product. However, since the product, after deamidation, can be separated from the starting material, the following approach was adopted: After reaction of des(Ala)aa~ with H-Tbr-NH2, the coupling product INS-Pro-Thr-NH2, together with the substrate, INS-Pro-Lys-OH, were separated from the hydrolysis product, INS-Pro-OH (Figure 6 A) . From the peak areas and the composition of the individual peaks (Table V A Table V B) . Under the conditions employed, the reaction was not complete since residual INS-Pro-Thr-NH2 was present together with unconverted INS-Pro-Lys-OH in Peak II. Apparently deamidation of INS-Pro-Thr-NH2 proceeded via CPD-Y's amidase activity and not the peptidyl amino acid amide hydrolase activity, since no detectable INS-Pro-OH was formed in the deamidation reaction. Thus, the yield of deamidation with this particular peptide is quantitative.
DISCUSSION
The ability of CPD-Y to catalyze the formation of peptide bonds is well documented, and the potential of using this enzyme in step-wise peptide synthesis has been discussed (2, 20, 21, 22, 23) . The transpeptidation reactions which can be catalyzed by CPD-Y as well might result in its use in protein semisynthesis, particularly for the direct exchange of the C-terminal amino acid in a peptide or protein by amino acid derivatives or other nucleophiles (l, 3). Such reactions, specific for the C-terminal of the peptide chain, have hitherto only been possible in special cases.
Porcine insulin is one example of a protein where the exchange of a C-terminal amino acid residue would be of significant interest. If the alanyl residue occupying the C-terminal position of the B-chain is exchanged with a threonyl residue, human insulin is obtained. This semisynthetic problem was first solved by RUTTENaUgG in 1972 (15) with a procedure involving tryptic cleavage of porcine insulin to form des (octapeptide)B23-30insulin. Subsequently a synthetic octapeptide corresponding to the Cterminal of human insulin, was coupled to form human insulin. This first procedure has since been improved (9, 14) , but an efficient procedure for the production of human insulin by semisynthesis has only recently emerged. This procedure is based on the specific removal of the C-terminal alanyl residue in porcine insulin by CPD-A (18), followed by a trypsin catalyzed condensation of a threonine derivative to the resulting des(Ala)aa~ (l 2). Some improvements of this procedure have been reported (6, 13) .
Several procedures for the CPD-Y catalyzed exchange of C-terminal amino acid residues have previously been tested using small synthetic peptides as substrates (3) . A replacement of the ultimate amino acid residue by direct transpeptidation using another amino acid or amino acid derivative as nucleophile is the most direct approach possible, and its feasibility was thus tested for the conversion of porcine insulin to human insulin.
Since no preparative techniques to our knowledge are capable of separating human insulin from porcine insulin and des(Ala)B30insulin, it would be advantageous if the coupling product had a different charge than the starting material and the hydrolysis product, thereby rendering it easy to isolate by ion exchange chromatography. The coupling product with H-Thr-OMe or HThr-NH2 as nucleopbiles would fulfill this criteria. From the results obtained with these two nucleophiles (Figures 2 & 3 ) it is apparent that although H-Thr-OMe can be incorporated in place of the C-terminal alanyl residue in the Bchain of porcine insulin, no INS-Pro-Lys-ThrOMe is present in the reaction mixture. With HThr-NH2 as nucleophile, some INS-Pro-LysThr-NH2 was detected and could be isolated. However, the majority of the incorporated threonine was present as human insulin, which eluted in Peak II together with unconverted porcine insulin and des(Ala)B3~ which is the hydrolysis product of the reaction. This indicated that under the conditions of coupling (pH 9.5) the initial coupling product, INS-ProLys-Thr-lNH2, was a better substrate of CPD-Y than porcine insulin, INS-Pro-Lys-lAla-OH. This procedure was therefore not suitable for the synthesis of pure human insulin.
Since the peptidase activity of CPD-Y at neutral pH generally is much higher than its amidase activity (l), and since CPD-Y catalyzed transpeptidations using amino acid amides as nucleophiles are possible at neutral pH (3), it was expected that the coupling product, INS-ProLys-Thr-NH2, would be more stable at pH 7.5 than at pH 9.5. Surprisingly, the amidase activity at pH 7.5 was sufficiently high to cause formation of the oligomer, INS-Pro-Lys-ThrThr-NH2 (Table III) . It is thus evident that, contrary to previous observations, an amide (INS-Pro-Lys-Thr-~NH2) may be as good a substrate of CPD-Y as a free peptide (INS-ProLys-lAla-OH) at neutral pH. The explanation of this is most likely found in the sequence of the Bchain of porcine insulin. For a direct replacement of alanine, the penultimate lysine residue in INSPro-Lys-lAla-OH must bind in the S l site of the enzyme (BERGER-ScHECHTER nomenclature (16) ). The present data indicate that this residue which is positively charged at neutral pH binds less well at the S l site than the threonyl residue, since deamidation of INS-Pro-Lys-Thr-INH2 takes place with the threonyl residue bound at the S, site.
At first glance it thus appeared that our attempts to synthesize pure human insulin via INS-Pro-Lys-Thr-NH2 would be unsuccessful due to the formation of INS-Pro-Lys-Thr-Thr-NH2. However, when the insulin derivatives, present in Peak I of Figures 4 B and 5, were deamidated with CPD-Y at pH 10 where the enzyme has no peptidase activity, almost pure human insulin resulted. The explanation of this result lies in the capacity of CPD-Y to cleave off an amino acid amide residue, i.e., the enzyme exhibits peptidyl amino acid amide hydrolase activity under conditions where the enzyme also exhibits amidase activity (1) . Some peptide amides react predominantly via the amidase activity while others react via the peptidyl amino acid amide hydrolase activity, apparently dependent on the C-terminal amino acid residue (1) . As indicated by the present results with insulinsummarized in Table IV -the penultimate residue can also be critical for the ratio of amidase over peptidyl amino acid amide hydrolase activity, since the insulin derivative INSPro-Lys-Thr-Thr-NH2 reacts almost exclusively via the peptidyl amino acid amide hydrolase activity to form approximately 95 % INS-ProLys-Thr-OH while INS-Pro-Lys-Thr-NH2 reacts predominantly via the amidase activity to form INS-Pro-Lys-Thr-OH. While this fortuitous situation makes it possible to use CPD-Y to convert porcine insulin to human insulin, it is evident that the approach employed suffers from the fact that the starting material (porcine insulin) is a poor substrate for CPD-Y relative to the initial transpeptidation product, INS-ProLys-Thr-NH2. Although the formation of the oligomer, INS-Pro-Lys-Thr-Thr-NH2, turned out not to be a problem for the CPD-Y catalyzed synthesis of human insulin, substantial amounts of human insulin which could not be isolated was formed due to in situ deamidation of insulin amide formed in the reaction. Since human insulin could only be isolated via the insulin amide derivative, the effective yield was much lower than the actual coupling yield, and as a consequence the overall yield of the conversion of porcine insulin to human insulin was only 30 %, based on the amount of converted porcine insulin.
The yield of the above procedure for the semisynthesis of human insulin is not as high as reported by MORIHARA et al. (12, 13) and subsequently by GATTNER et al. (6) . However, the present procedure is all enzymatic, while the procedure of MOmHARA et al. involves a chemical step in the removal of the C-terminal blocking group with possible side reactions as a consequence.
The transpeptidation reaction on des (Ala)BB~ is presented to demonstrate a case where the coupling product, INS-Pro-Thr-NH2 is stable under the conditions of coupling and where deamidation can be performed without interference by peptidyl amino acid amide hydrolase activity. In other words, the sequence INS-Pro-Lys-OH forms an ideal case for the direct CPD-Y catalyzed exchange of a C-terminalamino acid residue in a protein. Here, the overall yield of the conversion is much higher than for the semisynthesis of human insulin.
